objective assessment with a calibration method increases the accuracy of a measurement and enhances reliability when sizing equipment used for the intervention. 4 Obtaining accurate measurements of anatomic structures during angiography is critical for successful and safe transcatheter interventional procedures. The accuracy of a measurement depends on both precise measurement of the lesion and appropriate reference calibration. Reference calibration compensates for magnification of the image from the X-ray beam, which appreciates the size of an object differently depending on its distance relative to the X-ray source ( Figure 1 ). 3 The size of the reference object will also be different depending on where it is placed in relationship to the X-ray source; therefore, calibration compensates for not only the size of structure of interest, but also for size of the reference source. 4 Several reference calibration methods are currently available to make this objective assessment. A table ruler (TR), coin, paper clip, or other radiopaque structure of known size were traditionally used and continue to be used today in some veterinary catheterization laboratories. The radiopaque object is placed on top of the fluoroscopic table and used to calibrate the angiographic image for measurement. In addition to a ruler or coin, other reference calibration methods may include a grid 5, 6 or ball calibration, 4 intracardiac catheters, 7 esophageal marker catheters, 8 or marker guidewires, 9 as well as automatic fluoroscopic calibration methods. 10 Although the traditional method in humans was to place a lead ruler on the fluoroscopy table, previous studies have shown that this calibration method will underestimate the size of the vessel or structure of interest. 3, 6 Underestimation of anatomic structures might lead to a suboptimal result or complication and overestimation could also result in a complication, either of which could be catastrophic. 4, 6, 11 Use of a marker catheter placed directly within the vessel or structure of interest is considered the gold standard, as with this method the reference object and the structure of interest are the same distance from the X-ray source and will be equally magnified. 4, 12 Therefore, the aim of this study was to evaluate the accuracy of angiographic measurements during transcatheter procedures using two commonly employed reference calibration methods, an esophageal pigtail marker catheter (EC) versus a TR. We hypothesized that the measurements calibrated to TR would underestimate the anatomic structure of interest compared to measurements calibrated to EC and that this difference would impact decision-making during the intervention.
| M A TER I A LS A N D M ETH OD S
This study was a prospective, noncontrolled design. Client-owned dogs with congenital heart disease undergoing selective angiography and a transcatheter intervention were recruited from May 2016 to July 2017
at the Colorado State University Veterinary Teaching Hospital. Dogs were excluded if both calibration methods could not be performed during the angiographic procedure, typically because of their small size preventing placement of an EC. Schematic showing the effect of distance from the Xray tube and magnification on measurement of a reference calibration. The greater the distance from the X-ray source, the lesser the degree of magnification on the detector. The three bars shown on the table and location of dog are exactly the same size, yet when depicted on the detector the TR appears much larger than the heart, which is comparable in size to the esophageal marker. This results in an underestimation of measurements within the heart if the TR is used as the reference for calibration mgI/mL at a volume of 1 mL/kg body weight. A power injector was used at the discretion of the attending cardiologist; hand injections were performed for all PDA and CTD cases, whereas power injection was used for 11 of 21 PS and 2 of 4 subcases. During each procedure, angiographic measurements were made using the EC for reference calibration purposes and the balloon or device was then chosen according to this measurement.
| Preangiographic evaluation

| Calibration measurements
Angiograms were later reviewed using image viewing software (Philips To analyze the specific devices used in this study and whether calibration methods would have resulted in a different device selection, the balloon-to-annulus ratio, device-to-minimal ductal diameter (MDD) ratio, balloon-to-subvalvar orifice ratio, and balloon-to-caudal vena cava diameter ratio were calculated based on the actual device used in the procedure and measurements obtained by the two different calibration methods. The optimal ratios for each procedure were based on institutional experience and published ratios for sizing PDA occlusion devices, 15 balloon dilatation catheters for PS, 8 cutting balloon dilatation catheters for subpulmonary stenosis 18 and subaortic stenosis, 16 and balloon dilatation catheter for CTD. 17 These optimal ratios were defined as a balloon-to-annulus ratio of 1.3-1.5 for the PS cases, device-to-MDD ratio of 1.5-2.0 for the PDA cases, balloon-tosubvalvar orifice of 0.9-1.1 for the Sub cases, and balloon-to-caudal vena cava ratio of 1.0-1.2 for the CTD cases.
| Statistics
Statistical 
(TR). Because the intercept was close to zero, this regression analysis indicated that EC measurements were
10% greater than TR across all measurements ( Figure 5 ). There was a modest correlation between the difference in calibration technique (EC minus TR) and the dog's body weight with q 5 0.55 (P 5 .0003).
Differences between methods were also apparent when analyzed by disease group (Figure 6 ). For dogs with PS, the mean pulmonary annular diameter when calibrated to EC (12.7 6 3.7 mm) was significantly larger than when calibrated to TR (11.6 6 3.2 mm; P < .0001).
For dogs with PDA, the mean MDD when calibrated to EC (3.5 6
1.2 mm) was significantly larger than when calibrated to TR (3.1 6
1.1 mm; P < .0001). The subvalvar orifice measurements were not different when calibrated to EC (median 6.5 mm, range 4.8-9.5 mm) as compared with calibration by TR (5.9 mm, 4.3-8.7 mm; P 5 .125).
FIG URE 4
Bland-Altman plot of the differences between the esophageal marker (Esoph) and the TR (Table) , expressed as percentages of the values on the y axis (Esoph- Passing-Bablok regression, with the esophageal marker catheter on the y axis and the TR on the x axis. The slope is a measure of the amount of proportional bias (difference) between EC and TR and suggests a 10% overestimation by the TR FIGURE 6 Box plots of the angiographic diameters (mm) for different congenital heart defects when calibrated to an esophageal marker catheter (blue) as compared to a TR (green). for each box, the individual data points are shown as circles, the 25th-75th percentile range is shown as the box, the Central line is the median, and the lines extending above and below represent the entire range. There was an insufficient number of CTD cases to compare methods within that group, but the median caudal vena cava measurement by EC was 11.5 mm (range 5 10.0-15.6 mm) compared with a median of 10.3 mm (range 5 9.2-13.7 mm) when calibrated to TR.
When calibrated to TR, 15 of the 39 (38%) measurements would have resulted in a calculated ratio above the optimal ratio for device selection. These included 4 of 11 PDA cases, 9 of 21 PS cases, 1 of 4 Sub cases, and 1 of 3 CTD cases. Considered another way, 38% of the balloons or devices selected in these cases might have been inappropriately small had the TR been used as the calibration method during the procedure.
| D I SCUSSION
This study compared two commonly employed reference calibration methods in veterinary cardiac catheterization laboratories. Importantly, the results suggest that a radiopaque ruler placed on the fluoroscopy table and used for reference calibration will underestimate the size of an anatomic structure within the heart as compared with a calibration device placed at roughly the same level as the heart. In turn, this discrepancy might lead to under-sizing of a balloon, device, or stent.
To accurately measure a structure, the calibration tool and the structure of interest should be in or near the same horizontal plane and a comparable distance from the X-ray tube. shown that using a lead TR for calibration will underestimate true size of the angiographic structure, and the degree of underestimation increases the further the distance between the TR and the angiographic structure of interest. 3, 4, 6 Magnification will increase the closer the reference calibration object is to the X-ray source, and will decrease the further the reference object is from the X-ray source and the closer to the detector. 3, 4 A prior study using a thoracic model to simulate different patient sizes in a pediatric catheterization laboratory showed that the errors created by reference calibration methods at differing sites on the thorax are directly related to patient size. 6 This appeared true in our study as well, with the discrepancy between methods showing a positive correlation to body weight. In a larger dog, the distance between a radiopaque TR and the cardiac structure of interest will be increased, resulting in greater underestimation of the measured anatomic structure.
Although the EC was used as the actual calibration method during all the procedures included in this report, our data suggest that had calibration been performed in these dogs using the TR, 38% of devices selected would have been undersized. Underestimating the size of the anatomic structure of interest could have led to a suboptimal result in cases of balloon dilatation or increased the risk of device dislodgement for PDA occlusion. In addition, underestimation of an angiographic structure can increase time in the catheterization laboratory, radiation exposure to the patient and operator, and carry additional expense if multiple balloon dilatation catheters or devices are needed to obtain a successful intervention.
Calibration to the actual angiographic catheter diameter during an intervention can also be considered for smaller structures, and this technique has been used for measurement of coronary artery dimension during percutaneous coronary intervention. 4, 7 However, angiographic catheters typically have diameters of 5-Fr to 7-Fr and small errors may be amplified when a device only 1-2 mm in diameter is used as the reference object. This is particularly true when measuring structures much larger than the reference object. 4 Therefore, using the diameter of a catheter as a reference calibration for measuring large structures such as valves and central vessels should be avoided and was not used in this study.
This study has some limitations. Because of the variation in patient size and our decision to keep the tip of the EC cranial to the lower esophageal sphincter, the location of the markers used for calibration
were not able to be positioned directly dorsal to the structure of interest in every dog. In smaller dogs, the calibration marks could have been cranial to the heart, whereas in larger dogs they could have been directly dorsal to the heart or even in the caudal thorax. Similarly, the TR was always positioned toward the caudal or ventral edge of the image as we chose not to position the TR directly over the heart to avoid obscuring the angiogram. This variability in cranial-to-caudal positioning of the reference methods may have altered accuracy of the calibration, as ideally the reference for calibration would be at precisely the same site in all planes as the anatomic structure of interest. To compare methods as accurately as possible, one observer performed all measurements used for this study.
| CON CL U S I ONS
Calibration of an angiographic image using a ruler placed on the fluoroscopy table during transcatheter procedures underestimates measurement of the anatomic structure of interest by 10% when compared to a calibrated EC placed at the same level as the heart. This effect is greatest when measuring larger structures such as the PV annulus and in larger dogs.
ACKNOWLEDGMENT
This study was performed at the Colorado State University Veterinary Teaching Hospital, Fort Collins, CO.
CONFLICT OF INTEREST DECLARATION
The authors declare that they have no conflicts of interest with the contents of this article.
OFF-LABEL ANTIMICROBIAL DECLARATION
Authors declare no off-label use of antimicrobials.
INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE (IACUC) OR OTHER APPROVAL DECLARATION
Authors declare no IACUC or other approval was needed.
ORCID
Lauren E. Markovic http://orcid.org/0000-0001-5986-6296
Brian A. Scansen http://orcid.org/0000-0001-7427-2402
